LMTK-cells infected with u.v.-irradiated herpes simplex virus type I have been selected for the presence of the enzyme thymidine kinase. These cells have an altered morphology compared to the control cells and contain herpes-specific antigens in their cytoplasm.
INTRODUCTION
Cell transformation has been reported with various herpes viruses: Epstein Barr virus (EBV; Henle et al. I967), cytomegalovirus (CMV; Albrecht & Rapp, I973) , guinea pig herpes virus (GPHV; Fong & Hsiung, 1973) and herpes simplex virus types I and 2 (Macnab, 1974, I975) . Munyon and co-workers (1971) initially showed that mouse L cells which lack thymidine kinase (LMTK-cells) could on infection by u.v.-irradiated wild type herpes simplex type I (HSV-I) be propagated in growth medium which specifically selects for cells which have the ability to phosphorylate thymidine. Subsequent experimentation (Munyon et al. 1972 ) revealed that such selected cells contained a thymidine kinase activity which was electrophoretically indistinguishable from that induced in ceils productively infected by HSV-I. This thymidine kinase activity was distinct from the activities found in normal L cells or A9 cells.
These cells which have been phenotypically changed from TK-to TK + after infection with u.v.-irradiated HSV-I have been termed HSV transformed cells and the resulting TK + phenotype appears relatively stable.
Transformation of hamster embryo primary cells by irradiated herpes simplex virus type 2 (HSV-2) has also been reported (Duff & Rapp, I97I) , with the evidence for transformation being altered morphology of the cells after infection, and presence of HSV-specific antigens in the resulting foci.
HSV as well as inducing a thymidine kinase activity during lyric infection also induces a * Present address: Centre de Biochirnie, Universit6 de Nice, Pare Valrose 06, Nice, France.
deoxycytidine kinase activity (Hay et al. I97I) . Genetic (Jamieson, Gentry & SubakSharpe, 1974 ) and biochemical (Jamieson & Subak-Sharpe, 1974 ) studies have revealed that these activities are inseparable. It was concluded that HSV induces an enzyme which phosphorylates both thymidine and deoxycytidine at a common active site. The virus enzyme activities are distinguishable from the cell enzyme by immunological (Thouless & Wildy, 1975) and biochemical properties I974) . Although HSV-I induced thymidine kinase and deoxycytidine kinase activities reside in the same protein molecule and respond similarly to HSVq-specific antisera, they have different biochemical properties. These distinct characteristics allow detection of the virus specified deoxypyrimidine kinase activity. Virus-specific RNA has been detected in cell lines transformed by several different animal viruses, e.g. SV 40 (Lindberg & Darnell, 197o; Tonegawa et al. 197o) , polyoma virus (Kamen et al. 1974) , adenovirus type 2 (Fujinaga & Green, 197o; Wall et al. 1973 ), Epstein Barr virus (Sugden, 1974 and HSV-2 (Collard, Thornton & Green, I973) . The actual proportiort of the virus genome transcribed in transformed cell lines may be small. Virus RNA sequences present in several lines of adenovirus type 2 transformed cells have been examined (Sharp, Gallimore & Flint, I974; Flint, Gallimore & Sharp, I975) . Each cell line contained RNA complementary to a minimum 7 % of the virus genome. RNA species detected in these transformed cell lines corresponded to 'early' RNAs found in the cytoplasm during lytic virus infection. In the case of HSV-2 transformed cells the virus-specific RNAs represented only Io to I3 % of those sequences transcribed during productive infection (Collard et al. 1973) . Recently Kraiselburd, Gage & Weissbach (I975) reported the detection of HSV DNA in a line of cells obtained by a similar transformation system. They estimated that approx. 5 copies of a fragment comprising 20 % of the HSV-I genome were present per transformed cell.
We report here the detection of both virus-specific deoxypyrimidine kinase activity and virus-specific RNA in HSV-transformed L cells.
METHODS
Cells. LMTK-cells (Kit et al. 1963 ) are a mouse fibroblast cell line which lacks the ability to phosphorylate thymidine, i.e. are TK-. These cells are in practice resistant to I mg/ml of BUdR. They were subjected to such BUdR treatment every 5th or 6th pass, although when kept out of BUdR for 2o consecutive passes the cells on testing showed no incorporation of 8H-thymidine into the nucleus by autoradiography.
A9 cells, which possess a thymidine kinase but lack hypoxanthine guanine phosphoribosyl transferase, were obtained originally from Dr J. Littlefield and used as a control in these experiments. BHK C13 ceils (Macpherson & Stoker, 1962) were used to propagate and titrate HSV-I.
Medium. Cells were grown in Eagle's medium (Glasgow modification) supplemented with Io % (v/v) foetal calf serum (Biocult, Glasgow) and 1% (v/v) non-essential amino-acids (Biocult, Glasgow). The selective growth medium for the thymidine kinase positive (TK +) clones contained in addition the following constituents (Munyon et al. Virus. HSV-I I7 sy'n ~- (Brown, r973 ) virus stocks were grown by low multiplicity infection of BHK CI3 cells. Cell associated virus gave titres of 5 × lO9, to 2 × io 1° p.f.u./ml and supernatant virus, on pelleting, gave similar titres. Particle to After 24 h at 37 °C the medium was removed and the selective medium added. Seven days after infection, when several small colonies were seen to be developing, the medium was renewed. Sizeable colonies were in evidence after about 21 days. No such colonies grew with u.v. irradiated HSV-I infected A9 cells or with LMTK-cells infected with u.v.-irradiated dPyK-mutant virus.
Enzyme preparation and assay. Cell monolayers were washed twice in PBS and then scraped into 5 ml tris-HCl buffer, pH 7, containing 5 mM-mercaptoethanol, 5 #M-thymidine and 5 #M-deoxycytidine. The cells were washed twice in the same buffer and finally resuspended in a volume of I ml. The cells were then disrupted by sonicating 4 × 30 s in a Dawe bath sonicator and the debris removed by spinning for I h at lOOOOOg. The supernatant fraction was used for all enzyme estimations.
The reaction mixtures contained (final concentrations) in a total vol. of 0.2 ml, IO mM-ATP, Io mM-MgC12, o'o5 M-tris-HC1, pH 7, IO #M-3H-TdR or IO #M-3H-CdR, I #Ci/#mol and 50 #1 enzyme fraction, which contains IOO/zg of protein.
Sucrose density gradient sedimentation. This was carried out as described by Jamieson & Subak-Sharpe (1974) . 20o #1 of enzyme solution (4oo #g) were layered on to a 4"8 ml 5 % to 20 ~o (w/v) sucrose gradient containing 5o mM-tris, pH 7"5, 5 mM-fl-mercaptoethanol and 5 #M-thymidine.
Disc gel electrophoresis. This was performed using the method of Munyon et al. (I972).
Antisera. HSV-specific antisera was obtained from Dr M. C. Timbury in our Department.
Commercial antiserum from Ital-diagnostics was also obtained from Wellcome Laboratories.
Fluorescence. Cells were seeded separately on coverslips (No. I Chance) and allowed to attach overnight in selective medium containing z % foetal calf serum at 37 °C. Prior to use, cells were washed three times in serum-free Eagle's and held at 37 °C for I h in serum-free Eagle's. Fluorescence was estimated on both live and fixed preparations by the indirect method. Fixation, where used, was by acetone for 2 min, after which the specimens were air dried.
RNA labelling and cellfractionation. Cells were grown in selective medium for TK + clones in 2o oz medical flats to approx. 70 % confluence (about 2 × IO 7 total cells). Cells were then washed with Eagle's medium containing z ~o (v/v) foetal calf serum and incubated at 37 °C with I5 ml of this medium containing 5-3H-uridine (500 #C/ml). After 48 h the cells were 32-2 A.T. JAMIESON, J. C. M. MACNAB, B. PERBAL AND J. B. CLEMENTS washed with tris-NaC1-EDTA (o.1 M-NaC1, o-oi M-EDTA, 0"o5 M-tris-HC1, pH 7"5) and re-suspended in lO ml of this buffer.
For preparation of nuclear and cytoplasmic RNAs, labelled cells were washed with cold o.18 M-NaC1, o.oi M-tris-HC1, pH 7"5, then re-suspended in 2 ml o.oi M-KCI, o'oo15 MMgC12, 0"01 M-tris-HC1, pH 7"5, containing 0"5 % (v/v) Nonidet P4o (BDH Ltd). After 20 rain at 4 °C the cells had lysed, as checked by light microscopy, and nuclei were obtained by low speed centrifugation. The nuclei were washed once in suspension buffer and finally resuspended in IO ml tris-NaC1-EDTA containing 1% (w/v) SDS. The supernatant fraction from the first low speed centrifugation containing the cytoplasmic RNAs was adjusted to lO mt with tris-NaC1-EDTA and made 1% (w/v) with respect to SDS before isolation of RNA.
Isolation andfractionation of RNA. Total cell RNA, nuclear RNA and cytoplasmic RNA were obtained by phenol/SDS extraction. Cell samples in IO ml tris-NaCI-EDTA containing 1% (w/v) SDS were extracted twice with IO ml of phenol fully equilibrated with tris-NaC1-EDTA containing 1% (w/v) SDS. RNA was further purified by treatment of samples with DNase I, followed by a second phenol extraction as described previously (Clements & Sinsheimer, 1975) .
RNA samples were fractionated into poly A containing and non-poly A-containing species by chromatography on poly U Sepharose (Pharmacia Ltd) as described by Drohan et al. (1975) . Fig. I shows a typical elution profile from poly U Sepharose. 1 ml fractions were eluted and fractions 1 to 4 and 8 to Io were pooled. The first peak was taken as nonpolyadenylated RNA, the second being polyadenylated RNA. Re-cycling experiments established that, for the amounts of RNA added, the poly A binding capacity of the columns was not exceeded. Polyadenylated and non-polyadenylated RNA samples were adjusted to 60 % (v/v) formamide, 2 × SSC (1 × SSC is 0"15 M-NaC1, O'Ol 5 M-sodium citrate), pH 7"0, prior to hybridization.
DNA-RNA hybridization procedures. HSV-I (17 syn +) DNA isolated by pronase/SDS extraction was separated from host cell DNA by two successive isopycnic bandings in CsC1 (Wilkie, 1973) . Virus DNA purified by this method was free of host DNA as determined by isopycnic banding in an MSE Centriscan analytical ultracentrifuge. Nitrocellulose filter (Schleicher and Schull Ltd, type BA85) discs of 13 mm diam. each containing 3 to 6 #g of HSV-I DNA as indicated, and control filters containing 5 #g of phage TI DNA were prepared. DNA solutions at 2 #g/ml in o-i x SSC were heated for 8 min at IOO °C, rapidly cooled, then KOH was added to 0.2 M final concentration. Solutions were then adjusted to 6 x SSC and pH 7"o. Filters were loaded with DNA as described by Gillespie & Spiegelman (I965) .
Hybridizations were carried out in 60 % (v/v) formamide, 2 x SSC, pH 7"0, at 42 °C for 20 h with occasional shaking of the vials. Vials contained both a HSV-I DNA filter and a TI DNA filter together with 3H-labelled RNA in a vol. of 0"4 to 1.5 ml as indicated and a 20 #1 sample was taken for assay of input radioactivity. After incubation, filters were washed twice by vortexing in IO ml of 2 x SSC and then were treated with I ml of pancreatic RNase (25 #g/ml in z x SSC, pH 5"0, pre-heated to 84 °C for IO rain to eliminate contaminating DNase) for 4o min at room temperature. After two more washes with 2 x SSC, filters were dried and counted in toluene-based scintillation fluid. Counts on TI DNA filters were subtracted from values of the appropriate HSV DNA filter for calculation of the percentage input counts hybridized. 
RESULTS
Four to five days after the addition of selective medium to u.v.-irradiated HSV infected LMTK-cells, LMTK-(HSV+), the majority of the cells had died. A few small clones of viable cells did however arise after a further week's incubation in fresh selective medium. The clone formation was highly variable, being between 2 and 50 clones per dish with a frequency of I in lO 4 cells. Several clones were isolated and grown into independent cell lines. These lines differed in morphology from the control LMTK-cells in that they are less elongated, more contracted and epithelial in appearance. The transformed clones in phase contrast microscopy appear to be three-dimensional while the control cells are essentially flat (Fig. 2) . Uninfected LMTK-cells and LMTK-cells infected with irradiated dPyK-HSV did not grow under these conditions.
Clones of cells thus obtained were found to have acquired the ability to incorporate ~H-thymidine into their DNA as determined by autoradiography, while uninfected LMTKcells and LMTK-cells infected with dPyK-HSV showed no detectable incorporation when grown under permissive conditions. LMTK (HSV +) cells showed specific HSV fluorescence. This was detected in unfixed preparations of cells as membrane fluorescence. In acetone-fixed preparations the fluorescence was cytoplasmic but predominantly perinuclear (Fig. 3) -LMTK-cells contain no detectable thymidine kinase activity while deoxycytidine kinase activity can be observed. Three independently isolated clones of LMTK-(HSV +) cells all possess thymidine kinase activity and exhibit a higher level of deoxycytidine kinase than LMTK-cells. It should be noted that the levels of activities found in LMTK-(HSV +) cells, although much greater than in LMTK-cells, are only approx. 50 % of the levels found in LMTK-cells lyrically infected with HSV (Table I) . While the enzyme activities found in A 9 cells are unaffected by pre-adsorption with HSV-specific antiserum the thymidine kinase activity of all LMTK-(HSV +) clones is virtually completely inhibited by the antiserum. The deoxycytidine kinase activity of the transformed clones is only inhibited by I-ISV-specific antiserum; however, there always remains antiserum resistant activity, which varies from IO to 25 % of the total activity (Table ~) .
The thymidine kinase and deoxycytidine kinase activities of LMTK-(HSV +) cells exhibit the same heat labilities as the enzyme found in lyrically infected LMTK-cells. Both activities are more stable than the activities from A9 cells, although the thymidine kinase activity is more stable than the deoxycytidine kinase activity.
As reported previously the thymidine kinase and deoxycytidine kinase activities induced by HSV differ in end product inhibition properties from those of host cells (Jamieson & Subak-Sharpe, 1974) . Extracts from HSV transformed cells have a thymidine kinase which is only inhibited Io % by IO 4 M-TTP and stimulated 5o % by lO .4 M-dCTP. The deoxycytidine kinase activity of these cells is inhibited both by TTP and dCTP, the inhibition by TTP being greater (Fig. 4) . A similar pattern is obtained with enzymes from lytically infected LMTK-cells, while the enzymes from control LMTK-or control A9 cells show a completely different pattern. The deoxycytidine kinase is inhibited equally by TTP and dCTP while the thymidine kinase activity of A9 cells is strongly inhibited by TTP but IO -4 M-dCTP only causes 25 % inhibition (Fig. 4) While the thymidine kinase and deoxycytidine kinase activities of A9 cells can be separated electrophoretically, LMTK-(HSV +) cells exhibit a new peak of activity with an r.f. of o.25 containing both enzyme activities, which is identical to the activities found in lyrically infected cells. LMTK-cells do not exhibit any peak of thymidine kinase activity (Fig. 5) . On sedimentation analysis, L M T K -cells only exhibit a low mol. wt. deoxycytidine kinase and control A9 cells in addition show a thymidine kinase activity of slightly higher mol. wt. (Fig. 6) . HSV-transformed L M T K -cells and L M T K -cells infected with wild type HSV both contain an additional peak of enzyme activity which can phosphorylate both thymidine and deoxycytidine (Fig. 6) .
Total RNA isolated from L M T K -cells showed little hybridization to HSV DNA ( the input counts. A slight increase in the amount of hybridizable RNA was observed when the amount of HSV DNA was increased from 3 #g to 6/zg and this was observed only with transformed cell RNA. Statistical analysis of the data shown in Table z by t test shows that the difference between the percentage hybridizable values of the two groups is significant at the 1% probability level.
RNA from LMTK-and clone 'i' cells was separated into nuclear and cytoplasmic fractions and then further fractionated into non-polyadenylated and polyadenylated species. These various RNA fractions were then hybridized to filters containing excess (5 #g) of HSV DNA (Table 3 )-In the case of the nuclear polyadenylated RNA there was a twenty-fold enrichment for the proportion of HSV-specific RNA relative to the proportion hybridized for the nuclear non-polyadenylated RNA. A similar enrichment (approx. tenfold) was observed with the cytoplasmic polyadenylated RNA. No such enrichment was detected with LMTK-cell RNA.
Some 80 % of acid-precip~tabte counts were obtained as cytoplasmic RNA, of which 2 to 3 % was polyadenylated while approx, o'5 % of the zo % of label in the nucleus was polyadenylated. HSV RNA was distributed in roughly equal amounts between the nuclear and cytoplasmic fractions and for both fractions 2o to 3o % of the HSV RNA was polyadenylated. The starred values shown in Table 3 indicate counts hybridized after samples were heated at 8o °C for 5 min in 6o % (v/v) formamide, 2 x SSC. There was no increase in the amount of counts hybridized relative to unheated samples, so that the self-complementary HSV RNA observed in cells productively infected with HSV (Jaquemont & Roizman, I975; B. Perbal and J. B. Clements, unpublished observations) was not detectable with clone ' i' RNA. DISCUSSION LMTK-cells have been 'transformed' both morphologically and biochemicially with u.v.-irradiated HSV as originally demonstrated by Munyon et al. (1971 Munyon et al. ( , 1972 . The frequency of 'transformation' in our hands was extremely variable but was significantly increased by infecting suspended cells rather than cell monolayers. Virus-specific enzymic activities and ribonucleic acid sequences have been found in those transformed cells.
The LMTK-(HSV ÷) transformed cells were found to contain not only a thymidine kinase activity but also a new deoxycytidine kinase activity which was susceptible to herpesspecific antisera. More detailed analysis revealed that these two activities remained asso- kinase activity is complicated by the presence of the endogenous L cell deoxycytidine kinase activity which is also present in the transformed cells. However, from the experiments involving the HSV-specific antisera, the virus specified activity comprises 75 % or more of the total deoxycytidine kinase activity and would be expected to have predominant influence on the examined kinetics of the total extract. It should be pointed out that care must be taken in handling the enzyme fractions because of the high lability of the deoxycytidine kinase activity.
Although we have been unable to demonstrate any other HSV induced enzyme apart from the deoxypyrimidine kinase, preliminary experiments suggest that the LMTK-(HSV) cells can grow in high concentrations of thymidine while the growth of normal mouse cells is inhibited at similar concentrations. This may indicate that the transformed cells contain a modified ribonucleotide reductase such as is found in HSV infected cells (Cohen, I97 0. The results obtained from the fluorescent antibody studies also suggest that there is more than one HSV specified antigen present in the transformed cells.
From Table I it can be seen that there is considerable variation in the levels of enzyme activities from transformed clone to transformed clone. This is a consistent finding, i.e. clone 'i' always shows more activity than clone 'd' or clone 'g'.
We have detected the presence of HSV-specific RNA in clone 'i'-transformed cells. The percentage of virus-specific RNA in total cell extracts (oq2 to o'o34 % of the input) was considerably less than the amounts detected in productively infected cells and the proportion of polyadenylated virus-specific RNA in clone 'i' was similar to values obtained with Virus-specific RNA has been detected in the nuclear and cytoplasmic fractions of adenovirus type 2 transformed cells and virus-specific RNAs from these two cell fractions contain common sequences (Shimada et al. I972 ) . HnRNA isolated from adenovirus type 2 The proportion of HSV RNA in total RNA isolated from clone 'i' cells was similar to values obtained by Collard et al. (1973) for an HSV-2 transformed hamster cell line. Their competition hybridization experiments demonstrated that this virus-specific RNA represented r o to 13 % of the sequences present during productive HSV-2 infection. We have also detected HSV-specific RNA in the transformed clones' d' and' g' (data not shown). The amount of RNA detected in these clones was consistently less than that of clone ' i', however, a similar proportion of HSV RNA was detected in the polyadenylated RNA fractions as found in clone 'i'. This suggests that either the efficiency of expression or the amount of HSV genetic information may vary from transformed clone to transformed clone and is supported by the relative amounts of deoxypyrimidine kinase activity found in the transformed clones.
The results here reported demonstrate that HSV DNA persisting in these transformed cells over many generations is transcribed and translated into virus-specific enzymically active gene products.
